Abstract-Internal Model Control (IMC) yields very good performance for set point tracking, but gives sluggish response for disturbance rejection problem. A two-degree-of-freedom IMC (2DOF-IMC) has been developed to overcome the weakness. However, the setting of parameter becomes a complicated matter if there is an uncertainty model. The present study implements a new tuning method for the controller. The proposed tuning method consists of three steps: Firstly, determine the worst case of the model uncertainty. Secondly, specify the parameter of set point controller using maximum peak (Mp) criteria. And finally, obtain the parameter of the disturbance rejection controller using gain margin (GM) criteria. The method is denoted as Mp-GM tuning method. The effectiveness of Mp-GM tuning method has evaluated and compared with IMCTUNE as bench mark. In the present study, evaluation and comparison have been done through the experimental test rig of the air heater system. Although, the air heater process has two regions that are very different characteristic, the Mp-GM tuning method are able to obtain the good controller parameter even under process uncertainties.
INTRODUCTION
Internal Model Control (IMC) was developed by Morari and coworkers [1, 2, 3] . The IMC is a type of model based control that has been applied in the process industry [4] . IMC uses model explicitly in controller algorithm. In the IMC structure, a model is used explicitly as controller algorithm. The controller algorithm is the reverse of the plant model with filter time constant. Here the perfect set point tracking can be reached if no error in the model [2] . This also implies that if a plant is stable, the stability of the process response can be guaranteed by using a controller with stable model. Unfortunately, IMC controller provides a very slow response to the case of disturbance rejection. Morari and Zafiriou have attempted to overcome this weakness by developing twodegree-of freedom-IMC (2DOF-IMC). Fig. 1 shows the controller for set point (Gc 1 ) and a controller for disturbance rejection (Gc 2 ) in a 2DOF-IMC structure. For the first order model the controller algorithm generally can be expressed as below: Where k is gain process and τ is process time constant. The controller parameters are λ 1 , λ 2 , and α.
Setting controller parameters can be easily obtained in the case of no error in the model. However, the setting of parameter becomes a complicated matter if there is an uncertainty model. Several works concentrating on the 2DOF-IMC tuning based on model uncertainty has done by Brosilow and Joseph [4] , Morari and Zafiriou [2] and Stryczek et al. [5] . One of the difficulties of Morari and Zafiriou's method is the use of weighting transfer function in the formulation of robust performance. Reference [6] has introduced Mp-tuning (IMCTUNE) method to facilitate the completion of tuning that does not involve the weighting transfer function. This method is easily applied in obtaining the parameter of 1DOF-IMC based on model uncertainty. Unfortunately, for 2DOF-IMC structure, the IMCTUNE method uses partial sensitivity function that involved disturbance transfer function [5, 6] . Disturbance is very difficult to be modeled, because disturbance can come from more than one sources. Besides, the use of partial sensitivity function is restricted to overdamped system [4] . As a consequence, tuning of 2DOF-IMC using IMCTUNE method has its limitation.
Recent research on the structure and tuning of 2DOF-IMC is very limited. Reference [7] has developed a 2DOF-IMC structure and how to design the controller based on the gain and phase margins. He used IMC algorithm for controller tuning, however PD (Proportional Derivative) was used for this structure. It was because the structure and the tuning were only tested on integrating process. Meanwhile, the attention of recent researchers is the application of IMC on specific cases rather than on IMC tuning, for example unstable and integrating process [8, 9, 10, 11] , nonlinear process [12, 13, 14] . Therefore, study on the tuning of 2DOF-IMC for general purpose (stable process) is needed to develop a tuning method which simplifies the existing tuning of the 2DOF-IMC under model uncertainty [15, 16] . The present study is the implementation of Mp-GM tuning method to an air heater system.
II. AIR HEATER SYSTEM

A. Plant descriptions
This work adopts the pilot plant AFPT (Air Flow Pressure Temperature) control system, containing three control loops for flow, temperature and pressure control. For simplicity, the pilot plant diagram is described in Fig. 2 . A heater consists of heating element that is spooled on asbestos cement as shown in Fig. 3 . The asbestos cement is assembled inside of galvanize iron pipe (Fig. 4) . The plant can be operated either manually or using Distributed Control System (DCS) in the control room. Temperature (TE91) is manipulated by the electric power. The pressure is manipulated by the compressed air inlet to the system. Under normal operation, the air pressure is 55 psia. The flow rate is manipulated using control valve (FCV91). The maximum flow rate is 50 kg/hr. The heater is installed in the 6 m pipe. The temperature sensor is installed about 1 m from heater outlet. For safety reason, the maximum air temperature is 200 o C [16] . 
B. Experimental setup
This study uses matlab simulink R2009a as human interface software (Fig. 5 ). The software uses data acquisition toolbox to communicate with hardware. The hardware uses Advantech PCI-1713 as analog input and advantech PCI-1720U as analog output.
The Advantech PCI-1713 analog input provides 32 analog input channels with a sampling rate up to 100 kS/s, 12-bit resolution and isolation protection of 2,500 V DC . The Advantech PCI-1720U provides four 12-bit isolated digital-toanalog outputs for the universal PCI bus. With isolation protection of 2,500 V DC between the outputs and the PCI bus, the PCI-1720U is ideal for industrial applications where highvoltage protection is required. The I/O cards were mounted in expansion slot of Pentium 4 PC, with RAM (Read Access Memory) 512MB. 
C. Model identification
Step response is conducted by manual mode controller. At a certain time a step change of power of electrical heater is introduced. Based on these step responses, FOPDT model identification are determined. Gain process (k) is deviation final and initial temperature divide by magnitude of the step. Process time constant (τ) is the time required to reach 63.2%. Dead time is response time delay after the step is given. The FOPDT step response models are presented in Table 1   Table 1 shows the value of FOPDT parameters, τ is ranged from 596-870, and θ is ranged 36-60, and gain values (k) is ranged from 4.1 -4.9 (data no 1-7). Data no 9 and 10 has k value equal to1.7. Based on the gain (k) values of the process models, the uncertainty model is divided into two regions. Region 1 is data no.1-8 (temperature more than 50 o C) and region 2 is data no. 8-10 (temperatures less than 55 o C). Maximum, minimum and nominal values of the process model are presented in Table 2 . o C, it means that step response from 0-5% produces zero gain value or electrical power does not give temperature change for step less than 5%. 
III. PROCEDURE OF MP-GM TUNING METHOD
The Mp-GM tuning method consists of three steps [17] : (i) Determine the 'worst case' of the model uncertainty; (ii) Specify the parameter of set point controller (Gc 1 ) using Mp criteria; and (iii) Obtain the parameter of the disturbance rejection controller (Gc 2 ) using GM criteria.
A. Determine the 'worst case' of the model uncertainty
The worst case can be found from the limit of the uncertainty model in terms of upper and lower on process model parameters. The worst case is the nearest condition that unstable responses will occur. This condition usually occurs at the uncertainty model with the larger (upper limit) steady state gain process, the larger (upper limit) time delay and the smaller (lower limit) process time constant. The worst case of a set process uncertainty can be identified at the biggest maximum value of magnitude of frequency response of complementary sensitivity function. When determining the worst case, filter time constant (λ) value is set equal to the time delay of nominal model. Here, the θ (time delay of nominal model) is as initial value of λ 1 as in second step.
B. Specify the parameter of set point controller (Gc 1 ) using Mp criteria
The second step is specifying the parameter of set point controller (Gc 1 ) using 1DOF-IMC structure, based on the MpTuning criteria as follow; -Set λ 1 (filter time constant Gc 1 ) initial value i.e λ 1 is set equal to the time delay (θ) of nominal model. 
C. Obtain the parameter of the disturbance rejection controller (Gc 2 ) using GM criteria
The third step is obtaining parameter of disturbance rejection controller (Gc 2 ) based on the GM criteria as follow:
-Set λ 2 (filter time constant Gc 2 ) smaller than λ 1 . In this study λ 2 = 0.9 λ 1 was used. It is reasonable value, because a better performance for disturbance rejection can be obtained if λ 2 is always smaller than λ 1 [4] . -Set initial α equal to λ 2 . Add α with small number such that the value of GM for the open loop system of 2DOF-IMC is equal to 2.4.
IV. IMPLEMENTATION OF THE MP-GM TUNING METHOD TO THE AIR HEATER SYSTEM The Mp-GM tuning method of the 2DOF-IMC is applied to the AFPT pilot plant. The Mp-tuning method using IMCTUNE is designed as benchmarking. In IMCTUNE, the time unit of the transfer function should be converted to minutes and converted to second again in implementation of controller. However, IMCTUNE for 2DOF-IMC suggested the Gc 2 controller as a first order. The Gc 2 controller transfer functions are presented in Table 3 .
The three controller parameters for both regions are shown in Table 3 . The responses of the three controllers system change to set point and disturbance are compared. The step of the disturbance is flow rate from 40 kg/hr to 20 kg/hr entered at time 100 (min). The responses on operating condition region 1 are shown in Fig. 6 . Meanwhile, the responses of control system on region 2 are presented in Fig. 7 . 6 shows the 2DOF-IMC tuned by Mp-GM tuning yields the fastest response to reach the new set point and the fastest response to reject the disturbance. It shows that IMCTUNE can not determine the optimal parameters in the air heater system. It is because IMCTUNE suggests that the Gc 2 is first order that has filter time constant similar to Gc 1 time constant.
The disturbance rejection responses of the three of controllers system are still very slow to return to the initial set point may take up to 30 minutes (Fig. 6) . This is because a change in flow rate is significant from 40kg/hr to 20kg/hr. At a high temperature the heater is very hot, so if there is a significant decrease in flow rate so the temperature will be increase quickly and then decrease slowly even though the percentage of electrical power is 0%. The saturation lower limit of the control system is 0%, it could not be worth the negative as in simulation. It is because the real plant has the minimum value of control action is 0% (saturation) and maximum value is 100%. Fig. 6 shows when the disturbance entered to the system at time 100 min, the inverse response were detected for about 2 min. The temperature decreases for a short while due to the increase of pressure in the chamber. The pressure increase is because the control valve for flow is installed after air heater chamber.
In region 2, Fig.7 shows the proposed feedback 2DOF-IMC with Mp-GM tuning produces the fastest set point tracking and disturbance rejection. The disturbance entered at 100 min. On this region 2, the disturbance can be rejected quickly by all the three controller system. Since at low temperature range, the heater is not too hot then the rising temperature due to changes in flow from 40kg/hr to 20kg/hr could still be overcome easily. From Fig. 6 and 7 proved that the 2DOF-IMC with Mp-GM tuning gives the better results both for set point tracking and disturbance rejection for both of the regions.
VI. CONCLUSIONS
The air heater process has two regions that are very different characteristic from the parameters of the process transfer function. Then the use of one controller may not be appropriate. From the close loop response it can be seen that the disturbance in region 2 can be rejected easily. While in the region 1 the disturbance rejection is very slow.
IMCTUNE method encountered problem when the value of τ and θ are too large. The unit (sec) of τ and θ then should be converted to unit (min) to make its parameters are smaller. However, IMCTUNE method can not generate the good controller parameters of 2DOF-IMC in all regions as it suggested first order transfer function in Gc 2 controller.
In region 1, the controller still can not reject of disturbance quickly because there are a few things; heater has a high temperature so that in addition to conduction and convection heat transfer process occurs radiation (radiation occurs when the surface temperature over 500 o C). The occurrence of radiation process causes the pipe to be more heat than the air. So the pipe is also a heat source when the heater power is reduced. This is the reason that the disturbance response is very slow. This is evident in region 2, where the process is running at low temperatures. In this range, heater temperature is not too hot so that the radiation has not yet occurred. So the response to this disturbance may be faster.
